Background: Abnormal flow dynamics play an early and causative role in pathologic changes of the ascending aorta. Purpose: To identify: 1) the changes in flow, shape, and size that occur in the ascending aorta with normal human ageing and 2) the influence of these factors on aortic flow dynamics. Study Type: Prospective. Subjects: In all, 247 subjects (age range 19-86 years, mean 49 6 17.7, 169 males) free of aortic or aortic valve pathology were included in this study. Subjects were stratified by youngest (18-33 years; n 5 64), highest (>60 years, n 5 67), and the middle two quartiles (34-60 years, n 5 116). Field Strength/Sequence: Subjects underwent a cardiac MRI (3T) exam including 4D-flow MRI of the aorta. Assessment: Aortic curvature, arch shape, ascending aortic angle, ascending aortic diameter, and the stroke volume normalized by the aortic volume (nSV) were measured. Velocity, vorticity, and helicity were quantified across the thoracic aorta. Statistical Tests: Univariate and multivariate regressions were used to quantify continuous relationships between variables. Results: Aortic diameter, ascending aortic angle, shape, and curvature all increased across age while nSV decreased (all P < 0.0001). Systolic vorticity in the mid arch decreased by 50% across the age range (P < 0.0001), while peak helicity decreased by 80% (P < 0.0001). Curvature tightly governs optimal flow in the youngest quartile, with an effect size 1.5 to 4 times larger than other parameters in the descending aorta, but had a minimal influence with advancing age. In the upper quartile of age, flow dynamics were almost completely determined by nSV, exerting an effect size on velocity and vorticity >10 times that of diameter and other shape factors. Data Conclusion: Aortic shape influences flow dynamics in younger subjects. Flow conditions become increasingly disturbed with advancing age, and in these conditions nSV has a more dominant effect on flow patterns than shape factors.
; however, these are not currently included in decision-making algorithms. Although universally used, the power of aortic diameter measurements for prediction of progressive dilation or major complications is poor, and therefore there is a need to identify better markers of risk. 3 Given the role of hemodynamics in the pathophysiology of aortic dilatation, markers of risk should reflect factors associated with adverse impact on aortic flow dynamics. The burden of thoracic aortic dilatation and aneurysm formation is often underestimated-approximately 1 in 500 people have thoracic aortic aneurysms (TAA) and many will die of a related complication. 4 Rupture and dissection of TAA carries an extremely poor prognosis, and are often fatal. Hospital admissions for TAA have doubled over the past 10 years, and admissions for acute dissection have risen by more than 20%. 4, 5 Aortic diameter alone is a poor predictor of adverse outcome, but is predominantly used to guide treatment-despite half of complications occurring at a diameter less than the currently recommended diameter for operative intervention. 3 In addition to risk evaluation in patients with overt disease, appropriately managing individuals with incidentally detected enlargement of the thoracic aorta is an increasingly difficult problem. In many of these asymptomatic cases aortic diameter approaches or exceeds current guidelines. However, as these recommendations represent low-level evidence (Grade C), and have poor predictive power, it is questionable whether widespread and costly monitoring is justifiable. 3, 6, 7 The basic premise for the use of diameter is Laplace's Law, which predicts faster expansion in larger vessel diameters; however, the biological stimuli for dilation or dissection are likely much more complex-where "normal" conditions involve an "optimal" interplay between endothelial cells and temporally variable wall shear forces and other factors. Coherent flow dynamics within the aorta are also important for optimal transport efficiency. Efficient flow patterns minimize ventricular load and reduce total cardiac work-which is highly relevant to conditions such as heart failure and ischemia. 8, 9 Ideal flow in a normal aorta is also configured to minimize abnormally high velocities, wall shear, and fluid strain-alterations in these parameters drive pathology, including aortic dilatation and complications such as dissection. The aorta experiences flow rates in the range of 3-8 L/min. This considerable volume passes around a curvature of over 1808, and the exact shape of the aortic arch, and its relationship to the valve and ascending aortic segment, are organized to promote optimal flow dynamics through the formation of helical flow patterns. 10 4D flow magnetic resonance imaging (MRI) is an emerging technique capable of quantitatively characterizing flow motifs or structures that ensure these efficient flow patterns.
8,9,11
Here we use 4D-flow data from a large cohort of healthy adults to investigate the changes in aortic shape and aortic flow dynamics that occur during healthy aging. We also investigated the influence of aortic shape factors on aortic flow dynamics with an intention of providing an agedependent reference useful in the comparison with pathological cohorts.
Materials and Methods

Study Cohort
This study was a prospective three-center investigation evaluating new applications of 4D-flow MRI (Macquarie Medical Imaging, Macquarie University, Australia; Sydney Adventist Hospital, Wahroonga; and Royal Prince Alfred Hospital, Camperdown). Participants provided written informed consent in accordance with the ethical guidelines of the respective Institutional Review Boards. Subjects comprised patients undergoing MRI scans as part of routine clinical assessment for suspected or confirmed cardiovascular disease, as well as healthy control subjects recruited for the study. Since the purpose of this analysis was to inspect disease-free aortas to identify a spectrum of geometries and fluid dynamic environments, individuals with a diagnosed aortic pathology or aortic valve pathology were excluded from the study. Individuals with poor quality 4D-flow data such as severe phase aliasing or motion artifact were also excluded.
MRI Acquisition and Processing
Data were acquired on two types of MRI scanners: a GE Medical Systems (Waukesha, WI) 3T 750W MRI with a 32-channel cardiac coil (Macquarie Medical Imaging and Sydney Adventist Hospital) or a Siemens (Erlangen, Germany) 3T Skyra (Royal Prince Alfred Hospital), using an 18-channel phased array anterior coil in combination with a linear 12-channel posterior coil. 4D-flow datasets used a 4-point referenced phase-encoding strategy at a subject- specific encoding velocity of 150-170 cm/s. 12 4D-flow data were acquired using a sagittal acquisition covering the entire heart and great vessels (see Table  T1 1 for sequence parameters). Both sequences used prospective ECG cardiac gating and no respiratory gating (free-breathing). All subjects additionally had two-and fourchamber and short axis cine views and 2D phase contrast sequences in the ascending aorta and main pulmonary artery acquired as part of a standard cardiac MRI protocol. Subjects who were scanned as part of a clinical evaluation had gadolinium-enhanced MR angiography scans. Total MRI scan time was 45-55 minutes. Subject clinical assessment and ventricle volume measurements were made by an experienced cardiac MRI radiologist (Level 3 SCMR, >10 years experience, S.M.G.). 4D-flow MRI data quality was assessed visually as a lack of image artifact by an experienced observer. Flow and aortic shape analysis were processed offline using in-house code. Standard methods of background phase correction and aliasing correction were applied. 13, 14 Parameterization of Aortic Geometry and Flow Figure  F1 1 shows the processing steps and resultant output for a typical study. Using a velocity magnitude image at peak systole, taken from the 4D-flow time series, a centerline was first manually defined from the aortic valve to the descending aorta at the diaphragm (Fig. 1b) . Points at the surface of the aortic lumen were then automatically defined by the velocity vectors in a plane perpendicular to the centerline and the resulting point cloud was used to generate an aortic surface. Each aortic surface was reviewed to ensure accurate segmentation, and then used to recalculate an accurate aortic centerline. 15 A cross-sectional region of interest (ROI) was defined perpendicular to the most cranial point of the aortic centerline (AoROI 0cm ). This was then used as a common reference point across all subjects. Additional ROIs were defined at 3-cm intervals proximal (AoROI -3cm , AoROI -6cm ), and distal to AoR-OI 0cm (AoROI 13cm , AoROI 16cm , AoROI 19cm ), resulting in a total of six locations over 15 cm (Fig. 1c) . Four aortic geometry parameters were defined, which define the major shape factors of the aorta in a concise and simple manner: aortic arch radius of curvature (Curve Ao ), ascending aorta diameter (D AoAsc ), ascending aortic angle (Angle AoAsc ), and aortic shape (Shape Ao ). Previous authors have highlighted similar parameters. 10 Curve Ao was defined as the radius of a circle of best fit to the aortic centerline in the aortic arch extending from AoROI -6cm to AoROI 16cm (Fig. 1b) . Mean aortic diameter was calculated from the diameter measured at the six ROIs defined above: DAo -6cm , DAo -3cm , DAo 0cm , DAo 13cm , DAo 16cm , DAo 19cm . Ascending aortic diameter was measured at the level of the pulmonary bifurcation. Shape Ao was defined as the angle between centerline points at locations AoROI -6cm , AoROI 0cm , and AoROI 16cm , such that 908 represents a circular form, <908 represents a "gothic" arch, while >908 represents a square, or "crenel" shaped arch (Fig. 1d) . 16 Angle AoAsc describes the angle subtended by the line-segments joining centerline points at the aortic valve annulus, the level of the pulmonary bifurcation, and the centerline point midway between these two locations ( Fig. 1e ) The normalized stroke volume (nSV), a measure of the relative size of the flow input, was also calculated as the quotient of left ventricular stroke volume (SV) and aortic volume. Aortic volume was calculated as the volume contained by the lumen surface beginning at the aortic valve and extending to AoROI 19cm . The distal datum of AoROI 19cm was chosen, as this location existed proximal to the aortic hiatus for all subjects. Three functional hemodynamic parameters were also measured. Flow velocity and the derived measures of vorticity (the curl of the velocity field) and helicity (the inner product of the velocity and vorticity vector fields) were quantified at each of the six ROI positions over the cardiac cycle. Vorticity and helicity were chosen as measures of flow disturbance from an optimal, axially aligned state due to their capture of coherent secondary flow patterns 17 ( Fig.  F2 2).
Statistical Analysis
Continuous variables are described as mean 6 SD and discrete variables as proportions. Differences between groups were compared by analysis of variance for continuous variables and chi-square test for discrete variables. Univariate and multivariate regressions were used to quantify continuous relationships between variables. Statistical analyses were performed using the statistical software package SPSS (IBM, Armonk, NY). All tests used a significance level of 5%, or for correlations, P < 0.05. Table  T2 2 summarizes the basic demographic and clinical characteristics of the study group. A total of 418 individuals (82 healthy volunteers, 336 individuals with clinical indication for cardiovascular magnetic resonance [CMR] imaging) were studied under the same 4D-flow protocol. Individuals aged less than 18 years (n 5 15) were excluded, as were 98 individuals with aortic or aortic valve pathology: prior aortic surgery or known aortic pathology; aortic valve regurgitant fraction >3%; aortic stenosis or a bicuspid valve and moderate or severe left ventricular (LV) dysfunction (ejection fraction [EF] <40%). Data were deemed of insufficient quality for inclusion in another 58 individuals (severe motion artifact or artifact secondary to irregular cardiac rhythm), resulting in 247 subjects (108 healthy volunteers; 229 acquired using the GE scanner) being included for analysis.
Results
Cohort Clinical Characteristics
Stratification of Subjects by Age Groups
To facilitate analysis, we separated the group by age into the lowest quartile (denoted "youngest aged," YA; age 5 18-33 years; n 5 64), highest quartile ("older aged," OA; age >60 years, n 5 67), and the middle two quartiles pooled ("middle aged" group, MA; age 5 34-60 years, n 5 116) to create three groups. nSV was 31% higher in the YA group compared to the MA group, which was 53% higher than the OA group, each with a similar standard deviation. All other aortic form parameters were lower in the YA group compared to the MA and OA groups. The YA group was also more tightly clustered with lower SDs for each form parameter. Females had lower age-adjusted diameter, Shape Ao and Curve Ao (P < 0.001), hence gender was included as a covariate in all models to control for this. No effect of gender was detected for nSV and Angle AoAsc .
Cardiovascular Function Parameters
The basic cardiac functional and aortic form characteristics of the cohort are summarized in Table  T3 3. Ascending aortic diameter spanned a large dynamic range; however, only 3% of subjects were clinically dilated by absolute size criteria (>4 cm) in the ascending aorta (maximum: 49.7 mm). The mean diameter across all segments was 27.6 6 3.5 mm. Across the whole cohort the aortic diameter measurements followed a roughly
mm).
Relationship Between Diameter, Stroke Volume, and Aortic Volume Aortic volume and D AoAsc were highly correlated (CC 5 0.79, P < 0.0001). Aortic volume was similarly correlated with the diameter measures at each ROI (CC > 0.66, P < 0.0001). Aortic volume ranged from 60-311 mL (mean: 135 6 41 mL), SV ranged from 28-165 mL (mean: slightly "Gothic" (mean: 85.1 6 14.78). Curve Ao varied between 23.6 to 56.9 mm (mean: 34.6 6 6.1mm). The distribution of the nSV and the different aortic form parameters across the cohort is summarized in Fig.  F3 3, showing a bimodal distribution for normalized volume, and a positive skew for diameter, Shape Ao (not shown) and Curve Ao , and a normal distribution for Angle AoAsc . Figure 3c shows a bimodal distribution of nSV across the whole cohort with a clear division between the YA and OA groups with broad peaked MA distribution spanning the central distribution. Figure  F4  4 shows these age-related changes of the four aortic parameters. Age was strongly related to all aortic shape parameters with a roughly linear relationship across all aortic form parameters. As quantified using a univariate regression model, increased age predicted: 1) greater Angle AoAsc (R 2 F5  5) . Given the extremely strong age-related change across the aortic parameters, and probable interactions between these values, we sought to establish the relative strength of each age association via a multivariate analysis. This was performed using a backwards, stepwise regression, evaluating these parameters as predictors of age as the dependent variable, and all five aortic form factors in the starting set. 
Analysis of the Relationship Between Age and Aortic Parameters
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FIGURE 6: Peak systolic measures of velocity, vorticity, and helicity along the length of the aorta for subgroups young aged (18-33 years, YA), middle aged (34-60 years, MA), and older aged (>60 years, OA). While velocity and vorticity are relatively constant along the length of the aorta for the respective age groups, the decrease in helicity is extremely marked, with less than 20% by magnitude of helical flow present in the OA compared to the YA group at all locations along the aorta. The  F6 hemodynamic parameters at peak systole are summarized in Fig. 6 and Table  T4 4. At peak systole in the ascending aorta (position 5 26 cm), the YA group had the highest mean velocity (19-30% increase vs. MA and 66-100% increase vs. OA, P < 0.001). Trends for vorticity measures were similar, while helicity values began high (clockwise rotation) in the proximal aorta for the YA group, before dropping to zero around the proximal descending aorta (AoArch 13cm ) and showing anticlockwise rotation in the descending aorta. Helicity values for the MA and OA subgroups showed a similar trend but at a fraction of the magnitude of that presented by the YA group. Standard deviation values for helicity were high, showing high variability across the cohort. At end systole and in early diastole, no significant differences in hemodynamic parameters were present in the ascending aorta; in the more distal positions vorticity measures at end systole and early diastole were reduced in the MA (20 and 25% reduction, respectively, P < 0.001) and OA (40 and Significance is shown for MA vs. YA and OA vs. MA (*P < 0.05, **P < 0.01, ***P < 0.001).
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Journal of Magnetic Resonance Imaging 45% reduction, respectively, P < 0.01) subgroups compared to the YA group.
Influence of Aortic Form on Hemodynamic Parameters
In order to estimate the independent influence of each aortic form parameter on hemodynamics, we applied a multivariate regression model containing each of the five form parameters against velocity, vorticity, and helicity measures at peak systole. The results of this analysis are summarized in Fig.  F7 7, where the effect size of each aortic parameter on flow measures is reflected by partial eta-squared values at each the six locations along the aorta. These data demonstrate that the influence of nSV on velocity and vorticity is dominant across all positions in the MA and OA subgroups, whereas in the YA subgroup, a combination of nSV and D AoAsc determined vorticity in the proximal aortic arch, and nSV and Curve Ao dominated vorticity in the descending aorta.
Discussion
Currently available methods are poor predictors of clinical complications in the thoracic aorta. While aortic diameter is clearly an important measurement, it has proven to be a very weak prospective predictor of risk. It is therefore of interest to gain a better fundamental understanding of the hemodynamic forces that drive the pathophysiology of thoracic aortic dilatation and complications. In this study we examined the relationship between bulk flow, aortic form parameters, and flow dynamics derived from 4D-flow data. We showed that helicity, a marker of "optimal" aortic flow, declines dramatically across age. We demonstrated that this decline in the normal flow pattern may be driven by a decrease in the relative size of stroke volume compared to aortic volume; however, since this variable is closely linked to age, it is difficult to comment on the independence of this relationship. Importantly, we show that aortic diameter has only a relatively weak relative independent effect, suggesting that nSV and aortic form parameters should be evaluated as biomarkers of aortic risk.
Reliance on aortic diameter measurements for clinical decision-making stems from a recognition that Laplace's Law predicts that larger aortas will undergo faster expansion. Current guidelines were shaped by the work of Shimada et al, who observed that aortas with an initial diameter of 3.5-4.0 cm expanded at 2.1 mm/year, compared to aneurysms over 6 cm, which increased at 5.6 mm/year. 18 Despite these strong average trends, rates of change in individuals are hard to predict. Even in the setting of high-risk patients with known abnormalities of the vessel wall, such as bicuspid valve disease or Marfan's syndrome, growth rates vary as much as 0.2-1.9 mm/year. 19 Our findings are important because they reveal the primacy of stroke volume size (the input) relative to the aortic volume (the reservoir) as a determinant of optimal aortic flow patterns. Our current work extends previous attempts to use 4D-flow MRI to understand aortic hemodynamics and the relationship of this to parameters governing the aortic shape. We show agreement with previously reported results showing strong correlations between age and aortic diameter and velocity and showing similar trends of velocity change along the aortic length. 20, 21 We extend this work by applying a rigorous framework that quantifies vorticity and helicity at a particle level, as opposed to qualitative observations of gross flow features. 22, 23 Kilner et al presented an early investigation of aortic arch flow patterns, quantifying axial and in-plane velocities and detailing the observation of helical flow patterns, especially during the deceleration phase of end systole. 24 More recent work by Frydrychowicz et al has given a more detailed observation of vortex and helical structures in the aorta; however, this rested largely on manual classifications, which limit the precision and completeness of the measurement. 10 While these studies relied on the observation of vortical and helical flow patterns, we have advanced these works to provide a quantification of velocity, vorticity, and helicity in the aorta. This will permit future studies of overt aortic pathology to account for these substantial age differences present within a population free from aortic disease. Additional parameters such as wall shear stress (WSS) and associated derivatives are also important as predictors of cardiovascular complications such as atherosclerosis and vascular dilatation. 25, 26 These parameters are derived from the gradient of the velocity vector field as with vorticity and helicity, and thus have a close relationship with the data that we have reported; although complicated, near-wall dynamics are important in WSS calculation. Further work is required to link the bulk flow patterns measured here with measures such as WSS. Our analysis is cross-sectional; as such, no definite causality can be inferred. This work was subject to typical limitations experienced in 4D-flow MRI. 27 The data obtained from 4D-flow represents an average cardiac cycle, made up of data obtained from 400-600 consecutive cardiac cycles. Therefore, while peak measurements of parameters are not accurate, the data are a reliable indication of typical dynamics. 27 Data were obtained using two different MRI scanners and receive coils in this study. While acquired resolution was the same on both scanners, the reconstructed resolution of the GE data is higher. However, our results represent region averaged data and no difference between scanner groups was observed (data not shown).
In conclusion, we provide a framework from which to understand the disturbed flow patterns present in diseased aortas, taking into consideration normal changes with aging. We have shown that shape and form have a large influence on structured flow in younger subjects, but that this influence wanes with advancing age. Our data identify the dominant influence of stroke volume-to-aortic volume ratio in influencing optimal flow conditions-a novel observation, and one with potentially important clinical implications. This work provides a solid foundation for designing translational biomarkers that reflect features that promote pathological flow via the early detection of "at risk" flow patterns that may accompany patients with signs of early dilatation.
